We investigate the resistive switching behaviour of VO 2 microbridges under current bias as a function of temperature and thermal coupling with the heat bath. Upon increasing the electrical current bias, the formation of the metallic phase can progress smoothly or through sharp jumps. The magnitude and threshold current values of these sharp resistance drops show random behaviour and are dramatically influenced by thermal dissipation conditions. Our results also evidence how the propagation of the metallic phase induced by electrical current in VO 2 , and thus the shape of the resulting high-conductivity path, are not predictable. We discuss the origin of the switching events through a simple electro-thermal model based on the domain structure of VO 2 films that can be useful to improve the stability and controllability of future VO 2 -based devices. Vanadium Dioxide (VO 2 ) is particularly suitable for the development of tuneable electronic devices because of its hysteretic phase transition (PT) occurring above room temperature (approximately 65
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• C). This PT affects crystal symmetry, electrical resistivity (lowered by about four orders of magnitude), values of the optical constants, thermal conduction and specific heat [1] [2] [3] [4] [5] [6] . The origin of the PT has been addressed to both structural and electronic correlation effects and is still under debate [7] [8] [9] [10] [11] [12] . From the applicative point of view, its unique characteristics led to the development of several prototypical systems, such as memristors [13] [14] [15] , micro-actuators [16, 17] or optical devices [18] [19] [20] . Manipulation of VO 2 domains at the micro-and nanoscale through an electrical bias has been recently demonstrated [21] . Nevertheless, domains manipulation by electric biases can be associated to an increase of temperature due to Joule effect or to carrier injection [22, 23] . In the framework of developing VO 2 devices driven by electrical bias, it has been shown that current biasing increases VO 2 operation lifetime [24] and allows the fine control of the metallic/insulating domains ratio on micrometric regions, enabling the stable and reproducible addressing of multiple resistive and mechanical states [17, 25, 26] . A systematic analysis of the transition dynamics in VO 2 micro-devices under current bias is lacking so far, while both sharp [27] [28] [29] [30] and smooth transition [25, 26, 31, 32] have been experimentally observed.
In this letter, we investigate the resistive switching behaviour of VO 2 micro-bridges (MBs) under current bias. Our findings show that both sharp and smooth transitions are possible and that the current-induced PT in VO 2 thin films is characterized by intrinsic random behaviour, without a predictable shape of the metallic VO 2 * n.manca@tudelft.nl, nicola.manca@spin.cnr.it channel upon switching and a reproducible value of the associated threshold current. We also show that switching characteristics are strongly influenced by the thermal environment and different behaviours can be observed by varying temperature or thermal coupling conditions. In order to systematically study this phenomenon, we performed a series of current ramps on a MB at different temperature setpoints. Thermal couplings conditions were modified by making the same MB free-standing on a second stage, by removing the shadowed portion of the MgO substrate of Fig. 1a . Out-of-plane thermal dissipation was also varied by changing the environmental pressure. Three configurations have been thus explored in sequence: clamped MB in air/free-standing MB in air/freestanding MB in vacuum ( [34] . Because of the epitaxial growth of VO 2 on TiO 2 this is also the expected typical size of VO 2 domains. Cr/Pt electrodes were used to obtain ohmic contacts and fabricated by sputtering and lift-off method. A schematic representation of the device and its electrical connections are presented in Fig. 1a : four-probes measurements were carried on by applying the electrical current next to the micro-bridge and by measuring the voltage at the V(+)(-) contacts. This configuration lowers the total resistance between the I(+)(-) contacts, decreasing the voltage required at high biasing, that could results in undesired electrochemical reactions. Free-standing structures were realized by soaking the MB in a H 3 PO 4 (8.5%) acid bath and drying using a critical point dryer and no degradation in VO The metallic strip is still present at zero current (IV), because of the hysteresis of VO 2 . Thermostat temperature is set to 66
• C.
film quality was observed (see Supplementary Material).
Measurements were performed by four probe method in a vacuum chamber with controlled atmosphere and temperature, as described elsewhere [26] . Because of the hysteretic nature of VO 2 , the PID parameters of the heater were carefully tuned in order to avoid any possible overshoot during the heating of the devices. Fig. 1b reports a typical Resistance vs Current plot for the clamped case. This measurement was performed at a fixed thermostat temperature of 66 • C, within the hysteresis loop of the material. The current bias was slowly increased at a rate of 1 µA/0.75 s, while the voltage drop was continuously monitored. The electrical resistance R(I) smoothly decreases up to about 200 µA, then a sharp transition is detected and no further remarkable variation is observed up to 500 µA. When decreasing the current to zero, the measured resistance remains almost constant, as expected from the hysteretic nature of VO 2 at this temperature. We notice that the observed sharp transition of the electrical resistance cannot be explained by considering VO 2 as a homogenous medium with negative temperature coefficient of resistance. In this case only smooth transitions are expected, as represented by the sketched dashed line of Fig. 1b . On the contrary, thermal runaway is present under voltage biasing, as it has been widely reported in literature for the cases of voltage-induced resistive switching of VO 2 devices [22, 23, 32, [35] [36] [37] . We acquired a series of optical images of our microbridges during the current biasing to highlight the relationship between the progressive formation of the metallic phase and the variations of the electrical resistance. The optical images of the microbridge in Fig. 1c progress as follows:
I The MB is initially in a full insulating state (light grey colour);
II Upon increasing current, the surface becomes slightly darker because of the random formation of metallic clusters;
III In conjunction with the resistance drop, we observe the formation of a dark metallic path connecting the two Cr/Pt electrodes;
IV The metallic path is maintained even at zero current bias, in agreement with the electrical measurements.
The formation of the metallic paths and the corresponding resistance drop apparently behave like intrinsically random phenomena. Fig. 2a reports a series of R(I) curves observed during different current ramps (0 µA − 500 µA, 1 µA/0.75 s). The thermal bath is at 66.5
• C and the system is cooled down to room temperature after each ramp. The first sharp resistive transition occurs at a "critical current" (I c ) which varies by approximately 30% across the different ramps and only in one case we observed a smooth transition. Fig. 2b reports optical images of different metallic channels on the clamped VO 2 micro-bridge acquired after the transition. These channels present a variety of widths and shapes, even if they formed under the same experimental conditions (temperature and ramp speed). Notably, we observed no correlation between channel width and current threshold values. We also note that all the metallic channels show similar resistance, suggesting that the density of the metallic domains within the channels may be variable. The presence of these metallic channels clearly indicates how only a fraction of the VO 2 domains is switching to the metallic phase, consistently with the lower resistance variation observed during the current-induced transition ( Fig. 2a) with respect to that measured during the The conductive paths show random width and shape. Each current ramp is acquired after a cooling cycle down to room temperature which resets the initial state. Thermostat temperature is 66.5
• C in (a) and 66
temperature sweep (Fig. 3a and Supplementary Material) and it is also in agreement with previous works [38, 39] . A typical modelling for VO 2 considers the smooth R(T) observed in thin films as the results of the average contribution of a set of domains having single-crystal behaviour (sharp R(T)), with random distribution of their critical temperature or voltage [40] . The switching condition of these single domains should be mainly determined by the elastic coupling with their neighbours and the substrate or by local defects that can efficiently shift the transition temperature [41] . In this framework, the transition should start from the specific region where the threshold conditions are lower, propagating accordingly with the distribution of the critical temperature among the different domains. The observed random formation of the metallic path indicates that, at least in our samples, the local fluctuations of temperature dominate over the distribution of the critical temperature values of the domains constituting the MB.
We studied the switching behaviour of the MBs in three dissipative configurations. Measurements have been performed by using the following sequence:
Starting below the transition temperature (30
• C), the system is heated up to the temperature set-point (T SET ) with a 120 s waiting time for full thermalization; 2. The current is increased from 0 µA to 500 µA with steps of 1 µA/0.75 s;
3. The temperature is lowered down to 30
This sequence was repeated ten times for each T SET , then T SET was increased by 0.25
• C and the sequence started over. We investigated a temperature span of about 4
• C above and below T 0 , which is defined as the middle point between the maximum slopes of the logarithmic derivative of R(T) (see Fig. 3a ) in the heating and cooling branches. We note that T 0 is 66.75
• C when the MB is measured in the clamped case, while it increases to 68.5
• C for the free-standing cases because of the weaker coupling with the thermal bath, which also slightly affects the R(T) shape [25, 26, 33] (see Supplementary Material). From each sequence we extracted the following parameters: the critical current I c , the magnitude of the resistive variation when the sharp transition occurs (∆R/R) and the number of ramps that present at least one significant sharp transition (jump) out of a total of ten (see after). Figure 3b shows three different representative current ramps obtained on a free-standing MB in air at the same temperature. Results from all the R(I) ramps, collected at each temperature and for the three configurations, are presented in Fig. 3c and d . In the clamped case the switching behaviour is very reproducible: all the jumps determine a dramatic lowering of the resistance similarly to what is observed in Fig. 2a and all the I c lie around 200 µA. Well below T 0 , sharp transitions are always present, fading nearby T 0 toward R(I) plots characterized by a smooth lowering of the resistance. Free-standing cases present more complex behaviour and no clear transition from a sharp to smooth transitions regime with increasing T SET is observed. We typically found that, at each T SET value, different alternative behaviours can be observed:
• No transition at all, with smooth decrease of resistance;
• Presence of several jumps having low magnitude;
• Sharp transitions similar to the clamped case.
We stress that these three cases can be observed on the same device at the same thermal bath temperature (T SET ). We also remind that after each current ramp we restored the low temperature insulating state of the VO 2 film by lowering the thermostat temperature down to 30
• C. We counted/discarded the presence of a resistive jump event in the R(I) curves considering the magnitude of the relative resistance variation. In Fig. 3c FIG. 3 . R(T) plot for the clamped VO 2 microbridge. The orange line and the yellow shade indicate the center of the hysteresis (T0=66.75
• C) and the explored temperature span of ±4
• C, respectively. (b) Examples of R(I) measured on the free-standing MB in air (T0=68.5
• C). (c) Histograms of current ramps exhibiting at least one resistance jump, out of ten, for the same device at different temperatures and with different thermal coupling conditions. Two relative resistance variation values have been considered: above 20% (green bars) and above 50% (red bars). (d) Threshold current values at the resistive jumps of (c).
we classify the switching events by using two thresholds values: ∆R/R > 20% and ∆R/R > 50%. Lower jumps (∆R/R < 20%) have not been taken into account. The R(I) plots reported in Fig. 3b are coloured in order to identify the relative subset. Data points of Fig. 3d show the I c value of the first jump having ∆R/R > 20% for each current ramp of the ensemble at a given T SET . In the free-standing case the switching behaviour is much more varied and sharp transitions can be observed in a broader temperature range of the hysteresis window. However, they are typically of lower magnitude and highmagnitude ones disappear at a temperature lower than that of the clamped case. We also note that often no sharp transition is observed for the entire R(I) curve, even at relative low temperature, where about 40% of the ramps present smooth behaviour. The reduction of the number and magnitude of resistance jump events is accompanied by an increase of the temperature span where they can be still detected. In fact, we measured resistance jumps of small magnitude even at relative high temperature, where just smooth transitions can be observed for the clamped case. As a general trend, if out-of-plane thermal dissipation is lowered by making the structure free-standing and reducing the gas pressure, sharp transitions decrease both in number and amplitude, as evidenced by the histograms of Fig. 3c . Our data also indicate that free-standing cases have a lower predictability of the jumps magnitude and critical current value. We attribute the differences between the three configurations to thermal effects. The presence of jumps depends on the specific experimental conditions such as working temperature, current bias and device geometry. For instance, no significant switching is reported in our previous works on VO 2 -based devices, where the presence of smooth transitions allowed to modify with continuity the state of the devices [25, 26] .
As previously discussed, a homogeneous-medium thermal model is unable to reproduce the observed resistance switching. It is thus required to consider the multi-domain structure of VO 2 films. The initial smooth resistance lowering, observed during the current ramps (Fig. 1b) , is compatible with the formation of randomlyarranged VO 2 domains driven to the metallic phase by Joule heating. The switching events can be instead explained as an avalanche phenomenon triggered by the strong pinch effect [42] [43] [44] of these metallic domains on the local current density distribution. This is shown in Fig. 4 , where finite elements analysis (Comsol R 4.3b) of the temperature distribution and electrical current flow for a metallic domain (σ met = 10 5 S/m) surrounded by an insulating matrix (σ ins = 10 2 S/m) in the clamped case is reported. The clamping condition has been modelled by setting on the back of the 100 nm thick domains an heat exchange coefficient of h=10000 W/(m 2 K) toward a 340 K heat bath.
Because of redistribution of the current, in-/off-axis domains experience a temperature increase/lowering with a relative difference of about 0.2 K and an almost doubled current streamlines density. This value is strongly influenced by the simulation parameters, but simulation shows how few disconnected metallic domains, giving almost no macroscopic effect, can effectively modify their local thermo-electric environment triggering a catastrophic avalanche effect. This mechanism may act synergically with the fast switching phenomena occurring by Poole-Frenkel-assisted heating observed for vanadium oxides [23, 39, 45, 46] . Our model however suggests that even small temperature fluctuations can initiate the avalanche process if the device is nearby the IMT temperature, since pinch effect determines an increase of local temperature for the in-axis domains and the metallic phase propagates until the two Cr/Pt electrodes are connected (Fig. 2b) with consequent sharp resistance drop. Because of the electro-thermal nature of
Finite elements analysis showing the pinch effect on local current density from a metallic VO 2 domain (black square) surrounded by insulating domains σins = 10 2 S/m, σmet = 10 5 S/m.
this effect, the dissipative conditions are fundamental in determining switching dynamics. In the clamped case, the thermal resistance at any point of the MB is almost independent on the position, being every domain in direct contact with the substrate that acts as heat sink. Instead, in free-standing structures each domain has a different thermal resistance given by the distance from the heat sinks at the edges. The temperature at the centre of the MB is easily increased by a small amount of current and its distribution along the structure is strongly inhomogeneous because of the different magnitude of the in-plane and out-of-plane dissipations [47] . We believe that this temperature gradient is the limiting factor in the propagation of the metallic phase, which ends up in a series of small partial jumps instead of a sudden and wide change as in the clamped case.
We finally note how the random shape of the metallic path in Fig. 2b indicates that multiple possible evolutions of the system are possible when the avalanche process starts. This is allowed if the differences among the domains are small, otherwise the path shape would be always identical and determined by the position of the domain having easier switching condition. We thus conclude that the high quality of our sample, indicated by the large and steep transition (low dispersion of critical temperature among the domains), is a determining factor in the observed behaviour.
In summary, we analysed the resistive switching effect in VO 2 microbridges under strong current biasing conditions. The observed sharp resistance drops are in contrast with a simple model based on a homogeneousmedium approximation and the negative differential resistance of the VO 2 layer. We interpreted the observed switching phenomena considering the local redistribution of current density due to the pinch effect of randomly created metallic grains within the microbridge. The comparison of the characteristics of the resistive jumps in different heat dissipation conditions supports the thermal origin and the intrinsic randomness of the observed behaviour. Our results suggest that the reduction of out-of-plane dissipation in free-standing devices can be an efficient tool to suppress abrupt jumps of the electrical resistance with increasing current, facilitating the gradual control of VO 2 -based devices. In addition, the intrinsic randomness in the formation of conducting paths evidences that particular care should be taken when modelling the switching behaviour of thin film VO 2 -based devices. 
